A system of two coplanar superconducting films seamlessly connected by a bridge is studied. We observe two distinct resistive transitions as the temperature is reduced. The first one, occurring in the films, shows some properties of the Berezinskii-Kosterlitz-Thouless (BKT) transition. The second apparent transition (which is in fact a crossover) is related to freezing out of thermally activated phase slips (TAPS) localized on the bridge. We also propose a powerful indirect experimental method allowing an extraction of the sample's zero-bias resistance from high-current-bias measurements. Using direct and indirect measurements, we have determined the resistance R͑T͒ of the bridges within a range of eleven orders of magnitude. Over such broad range the resistance follows a simple relation R͑T͒ = R N exp͓−͑c / t͒͑1−t͒ 3/2 ͔, where c = ⌬F͑0͒ / kT c is the normalized free energy of a phase slip at zero temperature, t = T / T c is normalized temperature, and R N is the normal resistance of the bridge.
I. INTRODUCTION
Thermally activated vortex-like excitations (topological defects) of the superconducting condensate are the primary source of dissipation in mesoscopic superconducting structures. 1 These fluctuations take different forms in onedimensional (1D) and two-dimensional (2D) systems. In 2D thin films the fluctuations are known to be broken vortexantivortex pairs [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] while in 1D wires the resistance is due to phase slips. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] One important difference between these two types of fluctuations is that vortices and antivortices form bound pairs below a certain critical temperature, known as the Berezinskii-Kosterlitz-Thouless (BKT) transition temperature, while phase slips and anti-phase-slips are unbound at any finite temperature. Thus the resistance of 1D wires is greater than zero at any finite temperature due to the presence of phase slips, which are described by the theory of Langer, Ambegaokar, McCumber, and Halperin (LAMH). 13, 14 Here we report a study of structures in which both types of fluctuations can coexist, namely, thin films containing constrictions, which are comparable in size to the coherence length. The goals of this work are (i) to test the applicability of the LAMH theory for short and rather wide constrictions and (ii) to test the effect of the vortex-antivortex sea existing in the thin film banks adjacent to the constriction on the phase slippage rate on the constriction itself. For this purpose we fabricate and measure a series of thin superconducting MoGe films 22 (which are about 15 m wide) interrupted by constrictions or "bridges" [see Fig. 1(a) ]. The width of the narrowest point of the bridges is in the range of 13-28 nm, i.e., a few times larger than the coherence length [we estimate ͑0͒Ϸ7 nm for our MoGe films 23 ]. Two resistive transitions are observed in such samples indicating that the vortex-antivortex pair binding-unbinding transition (if any) and thermally activated phase slip processes occur separately. For T Ͼ T BKT the contribution of vortex-antivortex pairs is dominant. On the other hand, below T BKT the transport properties are determined by the phase slip process on the bridge, which may be regarded as a vortex-antivortex pair breaking assisted by the bridge.
Using direct and indirect techniques we have tracked the sample's resistance within a range of eleven orders of magnitude. The resulting R͑T͒ curves are compared with the LAMH theory. Regardless of the large width of the bridges and their shortness, the shape of the measured R͑T͒ curves is in perfect agreement with the overall shape of the curves computed using the standard LAMH theory (note that this theory was originally derived for very long wires that are much thinner than the coherence length). The only disagreement found with LAMH is that the preexponential factor had to be modified in order to obtain a reasonably low critical temperature of the bridges. The critical temperature is used as an adjustable parameter in the fitting procedure. Following the argument of Little 12 we arrive at the conclusion that the preexponential factor should be simply R N and obtain a good agreement with measured curves. The measurements show that the bridges with intermediate dimensions (i) allow phase slippage which does not quench at any finite temperature, (ii) behave independently of the thin film banks, and (iii) exhibit a higher rate of phase slippage in the cases when the width of the bridge is smaller and therefore when the coupling between the thin film banks is weaker.
Before presenting our experimental results we give a brief summary of the BKT theory of topological phase transitions and the LAMH theory of thermally activated phase slips. In thin superconducting films, even in the absence of a magnetic field, an equal population of free vortices and antivortices is expected to occur. The BKT theory predicts a universal jump in the film superfluid density n s at the characteristic temperature T BKT , lower than the mean-field critical temperature of the film T c0 . Such a jump is related to the vortexantivortex pair binding through a logarithmic interaction potential between free vortices. 3, 26 Applied currents can break bound pairs producing free vortices which cause to nonlinear V͑I͒ curves. Above T BKT the linear resistance of a film is given by the Halperin-Nelson (HN) formula 6,9
where R n,f is the normal state resistance per square of the film and b is a nonuniversal constant. Note that the HN equation predicts zero resistance for temperatures below the BKT phase transition temperature T BKT .
The LAMH theory 1,12-14 applies to narrow superconducting channels, in which thermal fluctuations can cause phase slips, i.e., jumps by 2 of the phase difference of the superconducting order parameter. In unbiased samples the number of phase slips (which change the phase difference by 2) equals the number of anti-phase-slips (which change the phase difference by −2). An applied bias current pushes the system away from equilibrium and the number of phase slips becomes larger than the number of anti-phase-slips. Thus a net voltage appears on the sample, which can be calculated, following LAMH, as V = ប /2e (below we will also discuss an alternative approach to the voltage definition). Here ប is Planck's constant, e is the electron charge, and is the rate of change of the phase difference between the ends of the wire. During the phase slip process the energy of the system increases since the order parameter becomes suppressed to zero in the center of the phase slip. Thermal activations of the system over this free energy barrier ⌬F͑T͒ occur at a rate given by (⍀͑T͒ /2)e −⌬F/kT . If the bias current is not zero, then the net rate of the phase slippage is = ⍀͑T͒ ϫ͑e −⌬F + ͑I͒/kT − e −⌬F − ͑I͒/kT ͒. Here I is the bias current, and ⌬F + and ⌬F − are the barriers for phase slips and anti-phase-slips correspondingly (these two barriers become equal to each other at zero bias current). The attempt frequency derived from a time-dependent Ginzburg-Landau (GL) theory, for the case of a long and thin wire, is
where T is the temperature of the wire and L / ͑T͒ is the length of the wire measured in units of the GL coherence length ͑T͒. The attempt frequency is inversely proportional to the relaxation time GL = ប /8k͑T c − T͒ of the timedependent GL theory, with T c being the mean-field critical temperature of the wire (or of the bridge, as in our discussions below). The factor ͑⌬F / kT͒ 1/2 provides a correction for the overlap of fluctuations at different places of the wire and the factor L / ͑T͒ gives the number of statistically independent regions in the wire. 14 The free energy barrier for a single phase slip is given 13, 18 by
which is essentially the condensation energy density where I 0 =4ekT / h (I 0 = 13.3 nA at T =1 K). Differentiation of this expression with respect to the bias current I gives the differential resistance
The dependence of the attempt frequency and free energy on the bias current is neglected in this derivation. In the limit of low currents I Ӷ I 0 , Ohm's law is recovered
where R q = h / ͑2e͒ 2 = 6.5 k⍀. In this approach the fluctuation resistance does not have any explicit dependence on the normal resistance of the wire.
II. EXPERIMENTAL SETUP
The sample geometry is shown schematically in Fig. 1(a) . The fabrication is performed starting with a Si wafer covered with SiO 2 and SiN films. A suspended SiN bridge is formed using electron beam lithography, reactive ion etching, and HF wet etching. 24 The bridge and the entire substrate are then sputter coated with amorphous Mo 79 Ge 21 superconducting alloy, topped with a 2 nm overlayer of Si for protection. 25 The resulting bridges are 100 nm long with a minimum width w Ϸ 13-28 nm as measured with a scanning electron microscope (SEM) [ Fig. 1(b) ]. All samples are listed in Table I .
Transport measurements are performed in a pumped 4 He cryostat equipped with a set of rf-filtered leads. The linear resistance R͑T͒ is determined from the low-bias slope (the bias current is in the range of 1 -10 nA) of the voltage versus current curves. The high-bias differential resistance is measured using an ac excitation on top of a dc current offset generated by a low-distortion function generator (SRS-DS360) connected in series with a 1 M⍀ resistor. One sample was measured down to the m⍀ level using a lowtemperature transformer manufactured by Cambridge magnetic refrigeration.
III. RESULTS
First we compare a sample with a hyperbolic constriction ("bridge sample") with a reference sample, which is a plain MoGe film of the same thickness, without any constriction ("film sample"). Both are fabricated on the same substrate simultaneously. A resistive transition measured on the film sample is shown in Fig. 2 . The HN fit generated by Eq. (1) is shown as a solid line and exhibits a good agreement with the data, yielding a BKT transition temperature of T BKT = 4.8 K and a mean-field critical temperature T c0 = 4.91 K. Such good fit suggests that the transition observed in the banks might be the BKT transition, although a more extensive set of experiments is necessary in order to prove this assumption rigorously. As expected, T BKT is slightly lower than T c0 . The inset of Fig. 2 compares the R͑T͒ measurements of the "film" (open circles) and the "bridge" (solid line) samples. At T = 4.8 K the R͑T͒ curve for the film sample crosses the R =0 axis with a nonzero (and large) slope, in agreement with the behavior predicted by the HN resistance equation (1). Nevertheless, unlike the film sample, the bridge sample shows a nonzero resistance even below the BKT transition temperature predicted by Eq. (1). Such resistive tails, occurring at T Ͻ T BKT , have been found in all samples with constrictions.
In Fig. 3 the R͑T͒ curves for five samples with bridges are plotted in a log-linear format. The resistance of sample B1 has been measured down to the m⍀ range using a lowtemperature transformer. Two resistive transitions are seen in each curve as the temperature decreases. The first transition is the superconducting transition in the thin film banks adjacent to the bridge. The second transition corresponds to the resistive tail mentioned above. In order to understand the origin of the second transition it should be compared to the LAMH theory.
IV. DISCUSSION
Below we analyze the resistive tails found on samples with a constriction and demonstrate that they are caused by the phase slip events localized on the bridge and behave independently of the adjacent thin film banks. The analysis indicates that no BKT (no vortex-antivortex binding within the constrictions) or any other type of transition occurs on the constrictions and that the phase slips and anti-phase-slips are unpaired at any nonzero temperature due to thermal fluctuations. This is demonstrated below by fitting the R͑T͒ curves with the LAMH-like fitting curves.
A. LAMH attempt frequency for a short bridge
In order to compare our results to the LAMH theory we have to take into account the small length of the bridge, TABLE I. Sample parameters, including the width of the constriction ͑w͒, determined from SEM images, normal resistance of the bridge ͑R N ͒, determined from the R͑T͒ curves (at a temperature slightly below the resistive transition of the thin film banks), critical temperature ͑T c ͒, determined from R WL ͑T͒ fits given by Eq. (9), critical temperature of the film ͑T c0 ͒, film thickness ͑d͒, and a geometrical fitting parameter ͑␤͒. which does not allow more than one phase slip at a given time. Therefore the attempt frequency ⍀͑T͒ of Eq. (2) can be simplified. First, it has a term L / ͑T͒ that accounts for the number of independent sites where a phase slip can occur. 14 Since each of our samples has only one narrow region where phase slip events can happen, we take L / ͑T͒ = 1. Second, the coefficient ͑⌬F / kT͒ 1/2 which takes into account possible overlaps of phase slips at different places along the wire 14 is taken to be unity also. This is because for short hyperbolic bridges (not much longer than the coherence length) it is reasonable to expect that there is only one spot, i.e., the narrowest point of the bridge, where phase slips occur. As a result, we obtain the attempt frequency for a short hyperbolic bridge ⍀ WL =1/ GL (the abbreviation "WL" stands for "weak link"). This attempt frequency can be combined with the usual form of the LAMH resistance in Eq. (6) and can be used to fit the experimental R͑T͒ curves (below the resistive transition of the films). Although such fits follow the data very well, there is one inconsistency, that is they require the critical temperature of the bridge to be chosen higher than the critical temperature of the films, which is unphysical for such a system. We attempt to modify the preexponential factor in order to resolve this inconsistency, as discussed below.
B. Modification of the prefactor
Since the exact expression is unknown, we approximate the resistance of a constriction (weak link) as
The exponential factor here is that of the LAMH theory and the prefactor is simply the normal resistance of the bridge. This expression [Eq. (7)] can be justified by the following argument: the duration of a single phase slip (i.e., the time it takes for the order parameter to recover) is ϳ GL and the number of phase slips occurring per second is ϳ⍀ WL ͑T͒exp͓−⌬F͑T͒ / kT͔, with the attempt frequency being the inverse GL relaxation time ⍀ WL =1/ GL , as was argued above. Therefore the time fraction during which the constriction is experiencing a phase slip (i.e., when superconductivity is suppressed on the bridge) is the product of these two values, i.e., f = ͑ GL ͒͑1/ GL ͒exp͓−⌬F͑T͒ / kT͔ = exp͓−⌬F͑T͒ / kT͔. Following Little, 12 it can be assumed that the bridge has the normal resistance R N during the time when a phase slip is present (i.e., when the bridge is in the normal state), and the resistance is zero otherwise (when there is no phase slip). Thus we arrive at the averaged resistance for a bridge or a small size weak link R WL = f ϫ R N + ͑1− f͒ ϫ 0 = R N exp͓−⌬F / kT͔ as in Eq. (7). Note that unlike in the LAMH theory, in the present formulation the fluctuation resistance is directly linked to to the normal state resistance of the sample. In order to compare Eq. (7) to the experimental results, an explicit expression for the energy barrier ⌬F WL for a phase slip localized on the bridge is required. Starting with the usual form 18 derived for a long 1D wire and some well known results from BCS and GL theory, 1, 18 we find that
where L is the length of the wire. Using R N = n L / A, the free energy barrier for a weak link is
where w is the width of the bridge, d is the film thickness, n is the normal resistivity, and A = wd. The parameter ␤ measures the ratio of the phase slip length along the bridge to the effective length of a phase slip in a 1D wire, which is equal to 8 ͱ 2͑T͒ / 3. Finally, assuming the same temperature dependence of the barrier as in the LAMH theory, i.e., ⌬F͑T͒ = ⌬F͑0͒͑1−T / T c ͒ 3/2 , we arrive at the expression for the bridge fluctuation-induced resistance
The fits generated by Eq. (9) are shown in Fig. 3 as solid lines. An impressively good agreement is found for all five samples. In particular, sample B1 measured using the lowtemperature transformer, shows an agreement with the predicted resistance R WL over about seven orders of magnitude, down to a temperature that is more than two times lower compared to the critical temperature of the sample. Only two fitting parameters are used: ␤ and T c (listed in Table I ). The other parameters required in Eq. (9), including R N , d, w, ͑0͒, and n Ϸ 180 ⍀ cm are known. 18, 19, 23 The fits give quite reasonable values for the critical temperature of the bridges, in the sense that they are slightly lower than the corresponding critical temperatures of thin films of the same thickness, as expected. This fact supports the validity of Eq. (7). Such good agreement also indicates that the dissipation in a thin film with a constriction at T Ͻ T BKT is solely due to thermal activation of phase slips on constrictions. As expected, ␤ Ϸ 1 for all samples and the larger ␤ values are found on wider constrictions.
C. Determination of the linear resistance from high bias current measurements
We now discuss the nonlinear properties of films with constrictions. Measurements of the differential resistance versus bias current dV / dI vs I are plotted in Fig. 4 on loglinear scale. Using these results it is possible to distinguish between the BKT mechanism, which leads to a power-law V͑I͒ dependence, and the phase slippage process, which is characterized by an exponential V͑I͒ dependence [Eqs. (4) and (5)]. From Fig. 4 it is clear that at T Ͻ T BKT and sufficiently low currents the dependence of the differential resistance on bias current is exponential (it appears linear on the log-linear plots). Thus it is appropriate to compare the results with the LAMH theory. Equation (5) can be written as dV / dI = R͑T͒cosh͑I / I 0 ͒, where R͑T͒ is the temperaturedependent zero-bias resistance. Using this relation, we fit the differential resistance data and use R͑T͒ as a fitting parameter, as shown in Fig. 4 by solid lines, each corresponding to a fixed temperature. 27 The fitting procedure illustrated in Fig.  4 gives us a powerful indirect method of determination of the zero-bias resistance. This method is useful when the temperature is low and the resistance of the sample is below the resolution limit of the experimental setup. Thus, by fitting the dV͑I͒ / dI curves, we obtained the zero-bias resistance R͑T͒ down to very low values ͑ϳ10 −8 ⍀͒. This method was systematically applied on sample B2 and the results are shown in Fig. 5 as solid squares. The open circles in Fig. 5 represent the zero-bias resistance obtained by direct measurements at low bias currents. The two sets of data are consistent with each other. The solid curve in Fig. 5 is a R WL fit obtained using Eq. (9) . An excellent agreement is seen in a wide range of resistances spanning eleven orders of magnitude. This reconfirms that the thermally activated phase slip mechanism is dominant in the bridge samples 29 for T Ͻ T BKT . We emphasize that the critical temperature of the bridge, which is used as an adjustable parameter, is found to be T c = 4.81 K. As expected, the T c of the bridge is slightly lower than the critical temperature of the film electrodes T c0 = 4.91 K.
The usual LAMH expression R LAMH [Eq. (6)], which applies to thin superconducting wires, [18] [19] [20] 23 can also be used to fit our data. The overall shape of the fitting curve (dashed curve in Fig. 5 ) agrees with the data as well as with the R WL fit. The drawback of the usual LAMH formula is that the critical temperature of the bridge, which is used as an adjustable parameter, turns out considerably higher than the film transition temperature. For example, the dashed line fit in Fig. 5 is generated using T c = 5.38 K which is larger than the film critical temperature T c0 = 4.91 K. This apparent enhancement of the critical temperature of the bridge must be an artifact, because a reduction of the dimensions of MoGesamples always leads to a reduction of the critical temperature. 28 On the other hand, the T c extracted from the fits made using Eq. (9) are almost equal but slightly lower than the film T c0 (Table I) , as expected.
A rapid decrease of the LAMH resistance at temperatures very close to the critical temperature reflects the behavior of the LAMH attempt frequency which approaches zero as T → T c . The LAMH resistance is proportional to the attempt frequency so we observe R → 0 as T → T c (dashed curve in Fig. 5 ). Such behavior is unphysical and occurs since the LAMH theory is not applicable very near T c . It should be emphasized that some of our measured bridges are wider than ͑0͒, yet the thermally activated phase slip model agrees well with the data. This is in agreement with the prediction (Ref. 13, p. 510) that superconducting channels of width w Շ 4.4͑T͒ should exhibit a 1D behavior, i.e., nucleation of vortices is unfavorable in such channels. Such condition is true for all of our samples.
V. SUMMARY
Fluctuation effects in thin films interrupted by "hyperbolic" constrictions is studied. The measurements show two separate resistive transitions. The higher-temperature transition shows some properties of a BKT transition in the films (follows the HN formula). The second apparent resistive transition is explained by a continuous reduction of the rate of thermally activated phase slips with decreasing temperature. A quantitative description of the fluctuation resistance of narrow and short superconducting constrictions is achieved. For this purpose we have modify the LAMH expression for the resistance of a one-dimensional nanowire. An indirect method that enables us to trace the resistance variation over eleven orders of magnitude is suggested, based on the analysis of the nonlinear effects occurring at high bias currents. The phase slippage model is found applicable in the entire range of measured resistances, suggesting that quantum phase slips 19 do not occur in these samples, in the studied temperature interval, which extends below T c /2 for one sample (B1).
